Because permeabilization of the cell membrane is necessary to label intracellular proteins with most fluorescent probes, it is important to optimize the preservation and labeling of the proteins under study. We used qualitative and quantitative fluorescence microscopy to evaluate the effects of six different bifunctional protein cross-linking reagents and several extraction conditions on the labeling of filamentous actin with phalloidin and the immunolabeling of tubulin and gelsolin. The labeling of cytoskeletal and associated proteins can be significantly enhanced by the appropriate combination of bifunctional protein cross-linking reagents and extraction conditions. However, the conditions that give the most intense labeling vary depending on the label used. The
Introduction
We have previously shown that homobifunctional N-hydroxysuccinimide (NHS) esters are useful in preserving cytoskeletal and associated macromolecular structures during various types of specimen preparation procedures before fluorescence and electron microscopy as well as biochemical studies (Lindroth et al., 1992 , Bell et al., 1978 ,1987a ,b,l988,1989 Bell, 1981 Bell, ,1984 . These compounds have several features that contribute to their suitability as protein "fixatives" (Pierce, 1994; Lindroth et al., 1992; Staros, 1982 Staros, , 1988 Lomant and Fairbanks, 1976) . They react with primary amines (primarily the e-amine group of lysine) to form both inter-and intramolecular cross-links. They are reactive at physiological pH. They have a relatively long half-life in aqueous solution. They are weak fixatives and do not interfere with solubilization of the membranes with detergents. They are available in a variety of lengths, enabling potential control of the relative amount of inter-and intramolecular cross-linking (Bell et al., 1988) . They are available in water-soluble and water-insoluble forms. Finally, many are cleava- ble, enabling the cross-linking to be reversed, which facilitates biochemical studies (Bell et al., 1989) .
In addition to our general goal of developing a better understanding of the structure and function of the cytoskeleton, the specific goal of these studies is to better understand the effects of different experimental conditions on the preservation and labeling of cell proteins and subcellular structures. This, in turn, will enable us to design better and more appropriate procedures to visualize macromolecular structures and to interpret the results of experiments more accurately.
In previous studies we have shown that homobifunctional NHS esters are more useful than aldehydes in stabilizing cells before extracting them with nonionic detergent (Bell et al., 1988 (Bell et al., ,1989 . Cross-linkers stabilize morphology while allowing complete solubilization of the plasma, nuclear, and cytoplasmic membranes. At the same time, cross-linkers significantly increase the quantity and diversity of proteins preserved during detergent extraction and enable these proteins to be studied both qualitatively and quantitatively by fluorescence microscopy and one-and two-dimensional gel electrophoresis (Lindroth et al., 1992; Bell et al., 1989) . Our previous results also show that, in general, the longer the cross-linker the more extensive is the morphological and chemical complexity of the extracted cell (Bell et al., 1989) . On the basis of these results we have proposed that the increased preservation of cell proteins in cross-linked cells results from the cross-linking of relatively soluble cytosolic and membrane proteins to the relatively insoluble filaments of the cytoskeleton.
In this study we compare the relative effectiveness of watersoh ble, membrane-impermeant cross-linkers and water-insoluble, membrane permeant cross-linkers of different lengths (Mattson et al., 1993) in controlling the fluorescent labeling of two cytoskeletal proteins, actin and tubulin, and the cytoskeleton-and membraneassociated protein gelsolin. These proteins were selected for this study both because they are the object of other work in our lab and because they demonstrate the effects of extraction procedures on the labeling of proteins of different solubility using probes of different size. F-actin was labeled with the low molecular weight F-actin-specific probe phalloidin, whereas gelsolin and tubulin were labeled by high molecular weight antibodies using indirect immunofluorescence labeling techniques. We have also compared the effects on fluorescent labeling of different procedures for crosslinking and extracting cells before labeling. The results show that the method that gives optimal labeling, preservation, and visualization of specific structures varies with conditions and goals.
Materials and Methods
Reagents and Abbreviations. The reagents (Sigma, St Louis, MO, unless otherwise indicated) and solutions used are listed in Table 1 . They will be referred to subsequently by the abbreviations indicated in the (Collins, 1983; Ponten, 1975) and AG 1523 human foreskin fibroblasts (Human Mutant Cell Repository; Institute for Medical Research, Camden, NJ) were grown in CMEM in tissue culture dishes (Corning; Corning, NY) in incubators containing 5% COz in humid air at 37'C. Cells were removed for subculturing with 0.25% trypsin/2 mM EDTA (Sigma). For experimental studies, 2 x lo4 cells in 3 ml of CMEM were seeded into six-well plates (Corning) containing two 18-mm round coverglasses. After culturing overnight to allow the cells to attach and spread, the coverglasses were rinsed with HBSS and processed as described below. Unless otherwise noted, all processing steps took place in the well of the six-well plate.
Cross-linking and Extraction Procedures. Cells on coverglasses were prepared for labeling by one of the general procedures outlined in Table 2 . These procedures were chosen to demonstrate the effects of the following combination of factors: (a) PFA with and without permeabilization with organic solvents (two procedures); (b) Triton detergent under non-stabilizing and stabilizing conditions (two procedures); (c) the order of cross-linking and extraction (four procedures); and (d) cross-linking and permeabilization with organic solvent (one procedure).
Fluorescence Labeling of Cells. F-actin was labeled with phalloidin conjugated to rhodamine (Sigma). Except for the 20% methanol present in the working solution, PFA-fixed intact cells were not permeabilized before labeling. These procedures provided a very high efficiency of labeling. Cells were incubated in 2 pM rhodamine-phalloidin in PBS-A containing 20% methanol for 20 min at room temperature in the dark, rinsed twice in PBS-A, and mounted on a glass slide in Gelvatol. Controls for phalloidin consisted of unlabeled cells, which exhibit only'a very low level of autofluorescence.
Abbreviation
Reagent 
Cross-Linking and extraction procedures
PFA in HBSS, 15 min. 37'C; HBSS, 5 min; glycine-HBSS, 5 min; PBS-A, 5 min PFA in HBSS, 15 min. 37°C; HBSS. 5 min; glycine-HBSS, 5 min; PBS-A, 5 min; 70% ethanol, 5 min; PBS-A 5 min Tsb, 10 min, 37°C; Tsb, 5 min. 37°C; PFA in MTSB, 15 min. 37°C; PBS-A, 5 min; glycine-PBS-A, 5 min; PBS-A, 5 min Thbss, 10 min, 37°C; Thbss. 5 min 37'C; PFA in HBSS, 15 min, 37°C; HBSS, 5 min; glycine-HBSS, 5 min; PBS-A, 5 min 1 mM freshly prepared cross-linker in HBSS, 10 min. 37°C; Tsb, 10 min at 37'C; Tsb, 5 min at 37'C; PFA in MTSB, 15 min, 37'C; PBS-A, 5 min; glycine-PBS-A, 5 min; PBS-A, 5 min 1 mM cross-linker in Tsb, 10 min at 37°C; Tsb, 5 min at 37°C; PFA in MTSB, 15 min, 37'C; PBS-A, 5 min; glycine-PBS-A, 5 min; PBS-A. 5 min 1 mM freshly prepared cross-linker in HBSS, 10 min. 37°C; 1 mM cross-linker in Tsb, 10 min at 37°C; Tsb, 5 min at 37°C; PFA in MTSB, 15 min, 37'C; PBS-A, 5 min; glycine-PBS-A, 5 min; PBS-A, 5 min 1 mM freshly prepared cross-linker in HBSS, 10 min, 37°C; 1 mM cross-linker in Thbss, 10 min at 37'C; Thbss, 5 min at 37°C; PFA in HBSS, 15 min, 37°C; HBSS, 5 min; glycine-HBSS. 5 min; PBS-A. 5 min 1 mM freshly prepared DSP in HBSS, 10 min. 37°C; PFA in HBSS, 15 min. 37°C; HBSS. 5 min; glycine-HBSS, 5 min; PBS-A. 5 min; 70% ethanol. 5 min; PBS-A, 5 min
Gelsolin and tubulin were labeled by indirect immunofluorescence as follows. Permeabilized or Triton-extracted, PFA-fixed cells were incubated in BSA-TBS twice for 5 min, incubated with anti-gelsolin (murine monoclonal IgG Sigma) or anti-tubulin (murine monoclonal IgM, Tp-TUBl; a gift from V. Peter Collins, Stockholm, Sweden) in BSA-TBS for 45 min at 37°C rinsed three times in BSA-TBS, incubated with TRITC-labeled goat anti-mouse IgG (Sigma) or goat anti-mouse IgM (m) (Calbiochem; La Jolla, CA) for 45 min at 37°C. rinsed twice in BSA-TBS, rinsed in PBS, and mounted on a glass slide in Gelvatol.
Controls for immunolabeling consisted of cells labeled only with secondary antibody and cells incubated with nonspecific serum followed by secondary antibodies. In all cases the fluorescence intensity of controls was very low and only slightly above the nonspecific background labeling.
Quantitative Fluorescence. MDCK and U251 cells were used for cytofluorometry because their compact shape allowed them to fit readily into the circular measuring window of the cytofluorometer. The fluorescence intensity of individual labeled cells was measured with a cytofluorometer (Bell et al., 1987b) consisting of a Zeiss Universal microscope equipped with a 100-W mercury epi-illuminator. a photometer, and both hardware (Zeiss) and software (Zeiss Manual Photometer Program) for measuring fluorescence. The measurements were made using a x 40 oil immersion objective lens (Olympus DApo 40 w). Fluorescence was measured by using the mechanical stage to move the optical image of a cell into a circular measuring window reflected onto the image plane of the ocular and then triggering the acquisition of a signal by the photometer by pressing the space bar on the computer keyboard next to the microscope. In each experiment, fluorescence was measured relative to control cells, prepared by the PFA or PFA-EtOH method, and the average fluorescence and standard error of the experimental samples were calculated as a proportion of the control. At least 50 but usually 100 cells were measured in each sample and the mean and SEM calculated.
Photography. Cells were examined with a Zeiss Universal epifluorescence microscope equipped with Olympus oil immersion DApo uv objectives. Images were recorded on Kodak T-Max 400 film at 400 ASA. Exposure of the film was controlled by an integrating photometer, which adjusted exposure time automatically to create a properly exposed negative. Therefore, the photographic images are not an accurate representation of relative brightness of the cells, in that darker cells appear relatively brighter than they actually are because of longer exposure times.
Results

Attachment to the Substratum
The effects of detergent extraction on the attachment of the cells to the substratum varied depending on how the cells were treated before and during the extraction. Extraction with Thbss, consisting of Triton X-100 in HBSS, without cross-linking caused most of the MDCK cells and many of the AG 1523 cells to detach from the substratum. If the cells were extracted instead with ISb, consisting of Triton X-100 in a buffer designed to stabilize microtubules (MTSB) (Bell, 1981; Bell et al., 1989) , the cells were completely retained. The cells were also completely retained during extraction in Thbss if they were cross-linked with any of the six heterobifunctional NHS esters tested in this study. Therefore, either extracting in the presence of MTSB or cross-linking is equally good at preserving the attachment of the cells to the substratum during detergent extraction and subsequent treatments.
Optimization of Phalloidin Labeling
The commonly recommended method for using phalloidin to label F-actin is to evaporate the solvent from an aliquot of methanolic stock solution and to dissolve the resulting dried phalloidin in aqueous buffer. However, we obtained good labeling by simply diluting the methanolic stock solution 1:5 in aqueous buffer, which gives a working solution that is 20% methanol. To determine which method is optimal, we performed experiments to compare the labeling efficiency of methanolic and non-methanolic phalloidin solutions, using unpermeabilized and solvent-permeabilized, PFA-fixed cells as test objects. The results are shown in Figure 1 . In general, methanolic phalloidin labeled both unpermeabilized and solventpermeabilized cells more intensely than methanol-free phalloidin. Comparing solvent-permeabilized cells, cells permeabilized with cold acetone labeled more intensely than those permeabilized with 70% ethanol. Independent of labeling method, the quality of the labeling of F-actin-containing structures in cells was best in unper- fore, the maximal intensity of labeling and the optimal demonstration of structure were both obtained when methanolic phalloidin solution was used on PFA-fixed cells that were not permeabilized with organic solvent. This is the method we used for the work described in here.
Effects of Stabilizing Buffer on Labeling of Fuctin with Phalloidin
In the absence of cross-linking, extraction in Tsb significantly increased the labeling of MDCK cells with phalloidin over that obtained after extraction in Thbss. As shown in Figure 2 , MDCK cells extracted in Thbss before labeling with phalloidin had only 14% of the fluorescence intensity of unextracted PFA-fixed controls, whereas the labeling of Tsb-extracted cells was 53% of the unextracted controls, a fourfold improvement.
Effects of Different Cross-linking Procedures on Labeling of F-Actin with Phalloidin
Labeling with phalloidin can be improved even further by using NHS esters. The first experiments with cross-linkers were done to compare the effects of water-soluble and water-insoluble cross-linkers on the quantitative labeling of F-actin. Figure 2 shows the relative fluorescence intensity of MDCK cells labeled with rhodamine/phalloidin after cross-linking with one of three water-soluble sulfo-NHS estet cross-linkers (S-DST, DTSSP, and S-EGS) or one water-insoluble NHS ester cross-linker (DSP). To determine if the order of cross-linking and extraction had any effect, cross-linking was also done in three different ways ( Figure 2 ): (a) cross-linking only before extraction (crosshatched bar); (b) cross-linking only during extraction (white bar); and (c) cross-linking both before and during extraction (diagonally hatched bar).
Considering the order of cross-linking first, the two-step combination of pre-cross-linking and cross-linking during extraction (two-step XL.) consistently gave the highest intensity of fluorescence labeling for all of the cross-linkers. There was no significant difference in labeling between cells cross-linked before extraction and those cross-linked only during extraction.
t F-Actin Effect of 3 Water-soluble and 1 Water-insoluble Crosslinkers Under 3 Different Extraction Conditions
. Comparing the different cross-linkers, the results showed that cross-linking with two of the water-soluble cross-linkers (S-DST and S-EGS) provided no additional increase in labeling over that obtained with Tsb alone. The third water-soluble cross-linker, DTSSP (the sulfonated analogue of DSP), provided a small increase in phalloidin labeling over Tsb alone. A greater increase in labeling was provided by DSP, which is not soluble in water. One-step crosslinking with DSP, either before or during extraction in Tsb, gave a level of fluorescence intensity equal to 75% of the unextracted control cells and 1.6 times greater that of Tsb alone. The intensity of labeling was even greater when cells were cross-linked with DSP using the two-step method, being 82% of the unextracted PFAfixed control cells and 1.7 times greater that of Tsb alone.
The next experiments were directed at comparing the relative effectiveness of three water-insoluble cross-linkers (DST, DSP, and EGS) under two different extraction conditions (Thbss vs Tsb) ( Figure  3 ). In all experiments the cells were first pre-treated with the crosslinker in HBSS and then cross-linked during extraction in either Thbss or Tsb (two-step XL). In MDCK cells extracted in Thbss (nonstabilizing conditions), all three cross-linkers increased the intensity of labeling over that seen in Thbss without cross-linking (11% of the PFA control) alone, in the order DST < EGS < DSP (18%.
33%, and 55% of the PFA control, respectively). The best waterinsoluble cross-linker (DSP) gave an intensity of labeling with Thbss that was about the same as that obtained in Tsb without cross-linking (51% of PFA control). In contrast, cross-linking in combination with extraction in Tsb (stabilizing conditions) gave a significant increase in the intensity of phalloidin labeling over that obtained with Tsb alone. Cross-linking in either DST or EGS gave approximately the same intensity of labeling (70% and 67% of the pFA control, respectively), whereas the highest intensity of labeling was obtained with DSP, which was 82% of the PFA control and 1.6 times greater than that obtained with Tsb alone.
Different extraction procedures also affected the pattern of Factin labeling (Figures 4 and 5) . In interpreting these and subsequent micrographs, it is important to remember that the exposure of the photographic negatives was automatically controlled to produce an image sufficiently bright to visualize the labeled structures clearly. Therefore, the brightness of the picture is not representative of actual or relative fluorescence intensity. Figure 4 shows the microscopic appearance of phalloidin-labeled MDCK cells that were not cross-linked. Control cells (Figure 4a ) fixed in PFA and incubated in phalloidin without permeabilizing were heavily labeled. They typically showed concentrations of actin filament bundles around the outer perimeter of the cell, whereas the cell center was obscured by heavy punctate staining. Cells extracted in Tsb and fixed in PFA in MTSB before labeling ( Figure  4b ) showed bundles of peripheral actin filaments, similar to control cells, but they lacked the punctate staining in the center of the cell. Instead, additional bundles of actin filaments could be seen within the cell center. Most cells extracted in Thbss and fixed in PFA in HBSS had detached from the substratum. Those that remained were often poorly preserved and only faintly labeled, but with long exposure (Figure 4c ) one could see a band of actin filaments around the cell periphery, although little else. These cells often exhibit phalloidin-labeled nucleoli. Figure 5 shows the effects on the pattern of phalloidin labeling of cross-linking with water-insoluble cross-linkers (DST, DSP, or EGS) and extracting in either Thbss or Tsb containing the same cross-linker (two-step XL). Cells cross-linked with the shortest crosslinker DST, and extracted in Tsb (Figure 5a ) showed heavy labeling of actin filament bundles throughout the cell, along with diffuse labeling of the cell center. In contrast, cells cross-linked with DST but extracted in Thbss (Figure 5b ) generally showed very poor labeling of actin filaments but often exhibit phalloidin-labeled nucleoli. Cells cross-linked with DSP, the medium-length crosslinker, and extracted in Tsb (Figure 5c ) showed heavy labeling of actin filament bundles at the cell periphery and extensive punctate staining throughout the entire cell, very similar in appearance to PFA-fixed control cells, although less intensely labeled. Cells crosslinked with DSP but extracted in Thbss ( Figure 5d ) showed less extensive labeling of actin filaments, but more than seen with DST under the same conditions. Cells cross-linked with EGS. the longest cross-linker, and extracted in Tsb ( Figure Se) showed heavy labeling of peripheral bundles of actin filaments and general punctate staining of the entire cell, similar to but less intense that PFA controls. Cells cross-linked with EGS and extracted in Thbss ( Figure  5f ) showed light labeling of peripheral bundles of actin, light diffuse staining of the entire cell, and bright staining of nucleoli. Figure 6 shows the effects of different extraction and cross-linking procedures on the intensity of immunolabeling for gelsolin.
E f f t of Cross-linhing on Immunolabeling of Gelsolin
In the absence ofcross-linking, extraction of MDCK cells in Tsb or Thbss significantly reduced the intensity of labeling with antigelsolin antibody compared with that obtained after fixation in PFA and permeabilizing in ethanol (PFA-EtOH). Cells extracted in Thbss or Tsb before labeling with anti-gelsolin had only 19% and 21%. respectively, of the intensity of ethanol-permeabilized control cells.
The effect of cross-linking on gelsolin labeling depended on the type of cross-linker and the extraction conditions ( Figure 6 ). Cross-linking with DST or EGS and extracting in Tsb did not improve labeling of gelsolin over that obtained after extraction in Tsb alone, whereas both cross-linkers slightly increased the intensity of labeling in cells extracted in Thbss compared with cells extracted in Thbss alone. In contrast. cells cross-linked with DSP showed a dramatic increase in gelsolin labeling, with the actual intensity depending on the extraction conditions. After extraction in Tsb containing DSP, DSP-cross-linked cells labeled with an intensity Of 90% that of ethanol-permeabilized PFA-fixed control cells, whereas the fluorescence intensity of cells extracted in Thbss containing DSP after cross-linking with DSP was 140% of the intensity of control cells. Figure 7 shows the results of experiments to elucidate further the effects of extraction conditions on the immunolabeling of DSPcross-linked cells with anti-gelsolin. Pre-treating cells with DSP before extraction in Tsb without cross-linker gave a greater intensity of labeling (75% ofcontrol) than cells cross-linked only during extraction (51% of control). Cells that were pre-treated with DSP and also extracted in the presence of DSP (two-step XL) had an even greater intensity of labeling (108./0 of controls). The greatest intensity of labeling was obtained by two-step XL and extracting in Thbss (153% ofcontrol). Cells permeabilized in ethanol aftercross- linking with DSP had about the same intensity of labeling as both PFA-EtOH control cells and cells pre-treated with DSP and extracted in Tsb containing DSP. Figures 8 and 9 show the microscopic appearance of gelsolinlabeled cells extracted without ( Figure 8 ) and with (Figure 9 ) crosslinking. Of the cells extracted without cross-linking, only cells fixed in PFA and ethanol-permeabilized ( Figure 8a ) showed significant labeling with anti-gelsolin. Cells labeled with antibody after extraction with Tsb (Figure 8b) were only lightly labeled, whereas those extracted with Thbss were virtually unlabeled ( Figure Sc) . Cells cross-linked with DST and extracted in Tsb (Figure 9a) were also virtually unlabeled, whereas those extracted in Thbss ( Figure  9b ) were lightly but diffusely labeled. Cells crosslinked with DSP and extracted in Tsb (Figure 9c ) showed intense, diffuse staining of the entire cell, with occasional brighter bands and filament-like structures. Cells cross-linked with DSP but extracted in Thbss ( Figure  9d Effect of Cross-lznhing on Immunolabehg of TubuLzn Figure 10 shows the results of experiments to determine the best procedure for immunolabeling of microtubules in AG 1523 human foreskin fibroblasts. As with gelsolin-labeled MDCK cells, cross-linking significantly altered the intensity and pattern of immunolabeling. Cells fixed in PFA and permeabilized with 70% ethanol (Figure loa) or cold acetone (Figure lob ) before immunolabeling were intensely labeled, but it was difficult to visualize individual microtubules except at the periphery of the cell. Cells extracted in Tsb without cross-linking showed greatly reduced labeling compared with the solvent-permeabilized cells, making it easier to trace individual microtubules (Figure 1Oc ). However, the labeling of the microtubules was often discontinuous (Figure lod) . Cells cross-linked with DSP and extracted in Tsb containing DSP (Figure 10e ) showed a dense network of continuously labeled microtubules. Individual microtubules could be traced into the cell center. Cells cross-linked with DSP and extracted in Thbss containing DSP (Figure 10f ) were more densely labeled than solvent-permeabilized cells and showed both labeling of large numbers of microtubules and a high level of diffuse cytoplasmic labeling, indicating that unpolymerized tubulin was being labeled as well as microtubules.
Discussion
To visualize the cytoskeleton and related macromolecular structures in cells, it is often necessary either to permeabilize or to completely remove the cell membrane. Permeabilizing with organic solvents, such as methanol, acetone, or ethanol, or with detergents is usually required to allow labels, such as antibodies or other hydrophilic probes, to enter cells and interact with their target molecules. Complete solubilization of the membrane with detergents also enables internal cell structures to be visualized by scanning electron microscopy. However, partial or complete removal of the cell membrane allows soluble molecules to diffuse out of the cell and may solubilize or physically disrupt other molecular constituents making them subject to loss from the cells during rinsing and subsequent processing steps. Some loss of material may be unavoidable and even desirable to allow visualization of what is left behind, but ideally one would like to control what and how much is lost to be better able to control and interpret the results of experiments.
We have previously shown that the degree to which cell constituents are retained after extraction is very sensitive to the conditions under which the extraction is carried out (Bell et al., 1988; Bell, 1981) . We have further shown that bifunctional protein crosslinking reagents significantly improve structural preservation and increase the molecular complexity of detergent-extracted cells (Lindroth et al., 1992; Bell et al., 1989) .
We report here experiments to elucidate further the effects of extraction conditions and cross-linking on the fluorescent labeling of actin filament (Factin) with phalloidin and of gelsolin and tubulin with antibodies. The results show that labeling of cytoskeletal and associated proteins can be significantly enhanced by using the appropriate combination of bifunctional protein cross-linking reagents and extraction conditions. However, the conditions that give the most intense labeling may vary depending on the label used, and, conversely, for a particular label optimal visualization of structures, maximal preservation of morphology, and maximal intensity of labeling may be achieved under different conditions.
Evahation of Phalloidin Labeling
Our results show several interesting aspects of phalloidin labeling. The first is that a 1:5 aqueous dilution of the methanolic stock solution gives better labeling than methanol-free solution. This indicates that the 20% methanol in the staining solution permeabilites the cells enough to allow efficient penetration of phalloidin into the cell. The fact that the intensity of phalloidin labeling is greater in unpermeabilized cells than in cells that have been permeabilized with solvent before labeling indicates that the solvent causes a loss of Factin or decreases either the access or the binding of phalloidin to Factin, possibly by denaturing the protein. Of particular interest is the marked ability of methanol-free phalloidin to label F-actin in unpermeabilized cells, a phenomenon reported previously by others (Wulf et al., 1979) . Because phalloidin does not penetrate the plasma membrane of living cells (Wulf et al., 1979) , PFA fixation must damage or otherwise alter the membrane sufficiently to allow phalloidin to enter the cells without permeabilization.
Another interesting observation is the labeling of nucleoli by phalloidin. We have seen this phenomenon frequently and it has also been reported by others (Parfenov and Galaktionov, 1987) . The present results show that nucleolar staining is more likely to be prominent in cells that have lost much of their F-actin or are otherwise lightly labeled with phalloidin. This indicates either that loss of F-actin enhances nucleolar staining or that nucleolar staining is masked in brightly labeled cells that contain a lot of Factin. Careful examination of cells that label brightly with phalloidin reveals faint nucleolar labeling, which supports the former hypothesis. Nucleolar labeling supports the hypothesis (Parfenov and Galaktionov. 1987) that actin filaments in the nuclear matrix (Valkov et al.. 1989; Verheijen et al., 1986) are connected to the nucleoli.
Evaluation of the Effects of Extracting Under Stabilizing Conditions
Our results confirm the previously demonstrated efficacy of microtubule stabilizing buffer (MTSB) in improving the preservation and labeling of actin filaments and microtubules during extraction with Triton X-100 detergent (Bell et al.. 1989; Bell, 1981) . However, about half of the filamentous actin (as measured by phalloidin labeling compared with unpermeabilized PFA-fixed controls) and all of the non-polymerized tubulin (as determined by visual inspection of immunolabeled cells) are unlabeled and presumed lost from cells extracted in Triton in MTSB (Tsb) alone. MTSB also fails to prevent the extensive loss of gelsolin from detergent-extracted cells. Because MTSB was originally developed to preserve polymerized microtubules, its failure to prevent the loss of unpolymerized tubulin is not surprising. Why MTSB helps to stabilize actin filaments is not clear. Chelation of calcium ions by the EGTA-containing MTSB is critical for preservation of actin, but electron microscopic studies show that the effects are selective, in that bundles of actin filaments tend to be preserved, whereas the networks of actin filaments in the cell cortex (membrane-associated) and in lamellipodia and their associated ruffles are not very well preserved after extraction in Tsb alone (Bell et al.. 1988 (Bell et al.. ,1989 . It may simply be that the delicate actin filament networks located at the cell periphery are more susceptible to mechanical damage, including shearing forces, during detergent extraction, but there is the as yet unsubstantiated possibility that an interaction between microtubules and a subpopulation of actin filaments is responsible for the improved preservation of the latter in Tsb. The failure of MTSB to enhance the preservation of gelsolin is probably due to the fact that gelsolin is not physically attached to the cytoskeletal filaments that are stabilized by MTSB. Therefore, extraction with Tsb alone is not a good method for preserving and labeling gelsolin or other relatively soluble proteins, unless the proteins are first stabilized. such as with crosslinkers.
Evaluation of Different Cross-lin&ers and Cross-linking Procedures
Bifunctional protein cross-linking reagents of the NHS ester family have proven effective in stabilizing macromolecular structures and preserving a wide variety of proteins in cells extracted with detergent (Lindroth et al., 1992; Bell et al., 1989) . In this study we evaluated the effects of six different cross-linkers and several different extraction procedures on the labeling of Factin, gelsolin, and tubulin.
Because the pattern of labeling varies significantly depending on the methods used to prepare the cells, one difficulty in evaluating experimental results is deciding what constitutes a "normal" pattern of labeling. Probably the best indicator of the normal distribution of a protein is the pattern obtained after microinjection of fluorescently labeled analogues of the protein. Comparison of our fluorescence images with images of cells microinjected with actin (Giuliano and Xylor, 1994; Cao et al., 1993; Symons and Mitchison, 1991) , gelsolin (Cooper et al., 1987 (Cooper et al., ,1988 and tubulin (Sammak and Borisy, 1988) shows that the methods we describe as being optimal provide labeling that is virtually identical with that obtained by injecting fluorescent analogues. The departure from these normal patterns that is seen in less well-labeled preparations is the result of proteins either being lost from the cells or failing to be labeled.
In all cases in which cells were extracted, the best preservation of structure and the greatest intensity of labeling was obtained with water-insoluble cross-linkers. The reason that water-insoluble crosslinkers give better results than their soluble variants may be that the former are able to cross the intact plasma membrane of the living cells and to begin cross-linking proteins before permeabilization. This would enable soluble proteins, such as gelsolin, and membrane-associated proteins, such as actin, to be stabilized before the membrane is disrupted by detergent.
With regard to extraction procedures, for all cross-linkers tested the best preservation and labeling were obtained with the two-step procedure of pre-treating with cross-linker in balanced saline and then extracting in detergent solution containing cross-linker. Only pre-treating with cross-linker or only extracting in cross-linker without pre-treatment gave consistently poorer labeling. Either onestep method gave about the same results, with inconsistent exceptions. It is interesting that only pre-cross-linking with membrane impermeant, water-soluble cross-linkers is at all effective in improving labeling of cytoplasmic proteins. This shows that the cytoskeleton can be stabilized, at least partially, by cross-linking proteins on the cell surface and/or by stabilizing the attachment of the cells to the substratum. The obverse also appears to be true, in that stabilizing the cytoskeleton with MTSB stabilizes the attachment of the cells to the substratum.
Although the two different one-step cross-linking methods generally gave equivalent results, cross-linking with the waterinsoluble cross-linker DSP only before extraction increased the immunolabeling of gelsolin over that obtained by cross-linking only during extraction. This may be because penetration of the membrane-permeable DSP into the unextracted cells causes the relatively soluble gelsolin to be cross-linked to neighboring proteins, such as actin filaments or other proteins, that are more likely to survive extraction.
Our experiments also compared cross-linkers of three different lengths (Table 3) . We have shown previously by gel electrophoresis and electron microscopy that the quantity and variety of proteins preserved in detergent-extracted cells are correlated with increas-ing cross-linker length (Lindroth et al., 1992; Bell et al., 1989) In this study the greatest intensity of labeling with either phalloidin or antibodies was obtained with the intermediate-length cross-linker DSP and its water-soluble analogue M'SSF! Both shorter and longer cross-linkers gave less intense labeling. The differences were less pronounced with phalloidin than with antibodies.
Our tentative hypothesis to explain these results is that too little cross-linking preserves the target proteins less well, whereas too much cross-linking prevents the label from gaining access to the target proteins. That the differences are greater with gelsolin than phalloidin is consistent with this hypothesis. Actin filaments are much more resistant than gelsolin to being lost during extraction in Tsb alone. Therefore, the short cross-linkers appear to be too short to increase the degree of preservation of either Factin or gelsolin over that obtained by extracting in Tsb without cross-linking. On the other hand, the longest cross-linkers appear to create a barrier to the free access of phalloidin and antibodies to their targets. This conclusion is supported by electron microscopic observations (Lindroth et al., 1992; Bell et al., 1989) showing that the cytoskeletal filaments in EGS-cross-linked cells are covered by a thick coat of material, presumably derived from otherwise soluble cytosolic proteins.
Preservation of Structure us Access of Labels
In addition to preserving proteins and structures of interest, successful labeling requires that the label be able to gain access to the target molecule. The relative ability of labels to gain access to their targets in situ is clearly related to the size of the labels. Rhodamineconjugated phalloidin has a molecular weight of approximately 1.3 KD, making it able to penetrate into relatively small spaces, whereas the antibodies used in immunolabeling have molecular weights ranging from 150 KD, in the case of IgGs (anti-gelsolin and the two secondary antibodies), to > 750 KD, in the case of IgMs (MAB-TUB1). Such large molecules will have difficulty penetrating into regions that are highly cross-linked.
Our data indicate that achieving maximal intensity of labeling is a balance between preserving structure and removing enough material to enable the labels to reach their targets. Cross-linking improves the preservation of proteins, as demonstrated by electrophoresis, electron microscopy, and the present results with cytofluorometry. Maximal preservation of cell structure, as demonstrated by electron microscopy, is obtained by cross-linking with DSP and extracting with l i b containing DSP (Lindroth et al.. 1992) . The same procedure gives the maximal labeling with phalloidin compared with any of the other detergent-extraction procedures. However, maximal labeling of gelsolin (Figures 6, 7, and 9d ) and tubulin (quantitative data not shown, but see Figure lof) with antibodies is obtained by extracting DSP-cross-linked cells with Thbss. The likely explanation is that Thbss, which by itself preserves both structure and attachment poorly, if at all, enhances the extraction of proteins that are not stabilized by cross-linking, thereby providing the antibodies with better access to their epitopes on target proteins. Thus, by extracting more, Thbss provides better access of the large immunolabels to the epitopes of the DSP-stabilized proteins. 
Maximizing the Intensity of Labeling vs Optimizing the Visualization of Structures
The goal of obtaining maximal labeling is sometimes at odds with the goal of optimizing the visualization of labeled structures. This is especially true if the method used simply increases nonspecific binding of the label, thus increasing the background and possibly obscuring the structures one is interested in visualizing. None of the methods described in this study increases the nonspecific binding of the fluorescent probes used.
Another source of background labeling is seen when the protein being labeled exists in polymerized and unpolymerized states, e.g., tubulin and actin. Although the intensity of tubulin labeling (data not shown) is maximized after DSP-Thbss, individual microtubules are visualized more clearly after DSP-Tsb, which appears to limit the access of the antibodies to unpolymerized tubulin and to cause the labeled microtubules to stand out clearly against a dark background. In contrast to antibodies, which bind to polymerized as well as unpolymerized forms of the same pmtein, phalloidin binds only to the polymerized form, F-actin. Therefore, F-actin is maximally labeled and optimally visualized with the same method: fixing in PFA and labeling with methanolic phalloidin without an intervening permeabilization step. Therefore, what constitutes optimal labeling is sometimes, but not always, a trade-off between conflicting goals, and depends to a very large extent on the nature of the label and the specific experimental goals.
Detergent us Organic Solventr
An alternative to detergent extraction for immunolabeling is the use of organic solvents, such as ethanol, to permeabilize cells after cross-linking. The intensity of immunolabeling of gelsolin after DSP-EtOH was as high as or higher than the more commonly used procedure of PFA-EtOH. Although the intensity of immunolabeling after DSP-EtOH is not as high as after DSP-Thbss, the former is probably adequate for routine work and for experiments in which it is desirable to avoid detergents.
Bzyunctional Cross-linkers vs Aldehydes
Formaldehyde and even glutaraldehyde (Rinnerthaler et al., 1988) have proven effective reagents for cross-linking proteins and stabilizing them before labeling with antibodies and other fluorescent probes. Our results also show that PFA fixation without solvent per-meabilization gives the maximal intensity of labeling with phalloidin. However, if the cells are either permeabilized with solvent or extracted with detergent, cross-linking with DSP before extraction provides better labeling with both phalloidin and antibodies than cross-linking with PFA before extraction. This difference is especially important with antibody probes, which require that the cells be permeabilized or extracted for the probe to penetrate the cells. Therefore, for immunolabeling DSP is a better choice than PFA to stabilize cells before extracting. This is probably because PFA cross-links more extensively than DSP and thereby prevents the extraction of material that subsequently blocks the access of the antibodies to potential binding sites. However, once the cells have been extracted, it has proven useful to fix cells with PFA to stabilize them against damage during the subsequent processing steps.
Because aldehydes prevent efficient solubilization of membrane proteins, bifunctional protein cross-linkers such as DSP are also a better choice than aldehydes to cross-link cells before extraction when the plasma membrane must be removed, e.g., to visualize the cytoskeleton by scanning electron microscopy (Lindroth et al., 1992; Bell et al., 1988) . The use of cleavable bifunctional protein cross-linkers, such as DSP, to stabilize the cells also provides the advantage over aldehydes of being able to carry out subsequent biochemical studies on the cells (Lindroth et al., 1992; Bell et al., 1989) .
Conclusion
In conclusion, the bifunctional protein cross-linker DSP reproducibly improves the preservation of both soluble and filamentous proteins for both quantitative and qualitative studies using fluorescence microscopy, making it a useful tool for investigation of the structure and function of the cytoskeleton and other proteinaceous structures in cultured cells. A comparative summary of the results obtained with different methods, using DSP as the cross-linker, is shown in Eble 4. After cross-linking, immunolabeling is enhanced by extracting the cells in detergent in a non-stabilizing buffer that maximizes extraction of uncross-linked material, thereby improving the access of the antibodies to their epitopes. In contrast, phalloidin labeling of DSP-cross-linked Factin is maximized by extracting with detergent under stabilizing conditions, which minimizes extraction but still allows penetration of the relatively small fluorescent probe. ' Data not presented in this report.
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